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Abstract 

Unparticle exchange gives rise to long range forces which deviate from the inverse square law 
due to non-canonical dimension of unparticles. It is well known that a potential of the form r~ n 
where n is not equal to one gives rise to a precession in the perihelion of planetary orbits. We 
calculate the constraints on unparticle couplings with baryons and leptons from the observations 
of perihelion advance of Mercury orbit. 
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Recently a new class of particles with dimensions different from their canonical scaling 
dimensions have been proposed to exist in the effective low energy theory One assumes 
that an ultraviolet theory has a IR fixed point at some scale A u where the fields become 
conformal invariant. The effective coupling of the ultraviolet theory operators Ojjv of di- 
mension d uv with the standard model operators Osm of dimension n are suppressed by a 
heavy mass scale M u and can be written as 

' O uv O SM , (f) 



n— 4 



Mduv + 
u 

where d uv is the canonical dimension of the operator Ouv- Below the scale A u (conven- 
tionally assumed as f TeV), the fields of the UV theory become scale invariant and by 
dimensional transmutation acquire a dimension d u which is different from their canonical 
dimension. These conformally coupled unparticle operators Oy will couple to the standard 
model operators as 

WJ J^i " ^ ( 2 ) 

It has been pointed out [2J that the exchange of scalar (pseudoscalar) unparticles can give 
rise to spin independent (spin-dependent) long range forces. Long range forces from vectors 
and axial- vectors have been studied in 2|, |4| . Tensor unparticles can couple to the energy 
momentum tensor and mimic gravity as pointed out in |3j. Unparticle exchange gives rise 



aw for massless particles 
4| bounds have been put 



to long range forces which deviate from the usual inverse square 
due to the anomalous scaling of the unparticle propagator. In J3|, 
on the unparticle couplings from long range force experiments 5|. 

It is well known that a deviation from the Newtonian inverse square gravity will result in 
unclosed orbits which results in a shift in perihelion of planetary orbits. Since exchange of 
massless unparticles gives rise to long range forces which deviate from the inverse square law 
we expect an additional contribution to the perihelion shift of planets in addition to that 
caused by general relativity. In this paper we consider the effect on the perihelion shift of 
Mercury due to the coupling of tensor and vector unparticles to SM particles. The perihelion 
shift due to general relativistic effects has been measured to 0.3% level and thus provides 
tight constraints on additional long range forces We find that this gives more stringent 
bounds on unparticle couplings compared to the one from fifth force search experiments at 
solar system distances 
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Some consequences of unparticles in astrophysical phenomena has been explored in [10, 
Q, Q Q. There has a. S o been a .arge amount of work on the theory and phenomenology 
of unparticles [14Jj ] . 



UNGRAVITY FROM TENSOR UNPARTICLES 

We take the gravitational coupling of the tensor unparticle (ungravitons [sj]) to the stress- 
energy tensor T^ v to be of the form 

^T^lVgT^, (3) 

U 

where = j- ( jf- J . We impose the gauge symmetry as in the case of gravity, 

•Efi * -^/j, ~r" ^/t (4) 
A rfu — 1 

0£ - 0%, + ^— {d,e v + d„ej , (5) 

which ensures that the ungraviton remains massless below the scale A u . The massless 
ungraviton results in long range forces which can be probed at solar system length scales. 
The ungraviton propagators are [s| 

A ^«/3( P ) = B du P ,u ' aP (-P 2 ) d «- 2 , (6) 
where the normalization factor B^ u is 



r (2 - d u ) r (d u + §) 

(2n) 2d - i r (2<) 



B ^ = _ I , n ,2d u I FToT^ — ' ( 7 ) 



and P^ ua ^ is the projection operator of the form 

pfiva(5^p^ — }_^ptta pv/3 _j_ pfi/3 pva _ a pP v p a P^ ^g-j 

where P^ u = (—i] tw + P pz" ) ■ For massless ungravitons, obeying the gauge condition of 
Eq ©, a = 1. 

The ungravitational potential is obtained by taking the Fourier transform of the propa- 
gator A^ af3 in the static limit (P° = 0) : 

K(r) = ^ J —T^A^P = 0)T ap e*>- (9) 



where |x| = r. Evaluating the integral gives 

V u (r) = -m x m 2 ' w ' ' 



G u m 1 m 2 



(10) 



where G u is defined to be 



and C(d u ) is 



G u ^ j^t- 2 C(d u ), (11) 

We notice that if the anomalous dimension (c? u ) of M! , is not equal to 1 there are deviations 
from the inverse square law. So for d u ^ 1 the total potential will be of the form : 

Gm\m<2, G u m\m,2 



V{r) - 



Gm 1 m2 



r 



1 + 



1 ( K u \ 2d - C{d u ) 



GA 2 U \M U J A^~ 2 r 



2 ,,,2(1,-2 



(13) 



We will consider the case d u > 1 as d u < 1 will lead to forces which fall off slower than 
gravity and can be easily ruled out from fifth force experiments jlj]. 



Perihelion precession of mercury orbit 

In polar co-ordinates (r, 9), the equation of motion of a planet's orbit around the Sun is 

V'(r\ 

r-r6 2 + — V-L = 0, (14) 



m p 



where m p is the mass of the planet and ' and ' represent derivatives with respect to time t 
and distance r respectively. The angular momentum of the planet I = m p r 2 9 is a constant 
of motion. 

Changing variables to u{9) = ^W, Eq ffT4"|) can be written as 

u" + u = a + pu 2d ^ 2 . (15) 

Here ' represents derivative with respect to 9 and a = M ™r G and (3 = Mm p Gu ^ 2du 1 ) ^ w here 
M is the mass of the Sun. This is an inhomogeneous second order ordinary differential 
equation. Assuming the deviation from the inverse square law to be very small, we have 



P << a. So Eq (|T5l) can be solved using a perturbation expantion in (3. To first order in j3 
we assume the form of the solution to be 



u(9)=u (9)+p Ul (9), 



where uq is the solution of the ODE 



u +u = a, 



and Mi is the particular solution of the inhomogeneous equation 



// i 2d u -2 
U l + Ui = Uq u . 



The solution of Eq (fTT|) is 



Uq 



1 — e cos (9) 



a(l-e 2 ) ' 

where a is the semi-major axis of the elliptical orbit of the planet, given by 

72 



a 



(16) 



(17) 



(18) 



(19) 



(20) 



Mm 2 p G{l - e 2 ) 

and e is the eccentricity of the orbit. As the eccentricity of Mercury's orbit is very small we 
keep terms only upto O(e) and neglect the higher order terms in Eq f|T9|) . Using the above 
form of u , ui{9) obeys the equation 

1 (2d u - 2) e cos (6) 



«i+«i= a2du -2 



i2id u 2 



This has the particular solution 



a 



1 (d u -l)e . 
^2-^ sm W- 



2d u -2 



Thus, from Eq (fTBI) . the trajectory of the planet to order j3 is given by 

e 



1 a 1 



a a 2d " 2 a 



For small (3, Eq (12^1) can be written as 

1 _ 1 
u ta - + (3 



a a 



2d u -2 



cos(g) + /3( ^ }\ ^{9) 



cos I 9 — — - — 9 



a 



2d u -3 



For one complete rotation with a perihelion shift the condition is 

(3(d u -lY 
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a 



2d u -3 



2tt, 



(21) 



(22) 



(23) 



(24) 



(25) 



which gives 

e „2*(i + e§z»), (26, 

keeping only terms linear in (3. So the perihelion shift induced by ungraviton couplings is 
given by 



(d u -l)(2d u -l)C(d u ) 



2tt f K,\ 2duv 1 1 



As expected, the perihelion shift vanishes for d u = 1, as it should since it corresponds to 
the usual inverse square law case (with a different gravitational constant). Comparing the 
expression for the unparticle potential Eq ({TBI) (for r = a) with the expression for perihelion 
advance we see that they are related as 

69~(d u -l)(2d u -l)2Tr^, (28) 

where V u is the unparticle exchange potential and Vn is the Newtonian potential. The con- 
straint on the ungravity couplings derived from mercury perihelion are more stringent than 
that from fifth force measurement by testing deviation from Kepler's Law at planetary dis- 

nn 

tances [7J,[8J. However at milimeter scales there are stringent tests of deviations of Newton's 
Law as has been noted in 1 31,141. 

n 

The observed precession of perihelion of mercury is 43.13 ± 0.14 arcsec/century [9j and 
the prediction from general relativity is 42.98 arcsec/century. This means that at 2- a the 
unparticle contribution is —0.13 < 58 < 0.43. We derive a limit on unparticle coupling by 
demanding that the unparticle contribution does not exceed the discrepency between mea- 
surement and GR. From the 2-a upper bound on the possible contribution from unparticle 
given by Eq (1281) we get the limit 

w , 2tt / A u \ 2duv 1 / century \ . . 

K - 1) (M . - md.) m {jI) (-jr^J < 0.43 arcsec (29) 

per century, where T = 87.96 days is the orbital time period of Mercury. 

In Fig ([T]) we plot log ((f^y) vs d u which gives the tensor unparticle contribution of 0.43 
arcsec/century to the perihelion advance of mercury. We have taken d uv = 1 and the values 
of A u from 1 TeV to 1000 TeV. The areas above the curves represent the allowed regions for 
M u and d u at 2-a for different values of A u . 



20 



15 



> 
a) 



g 1 10 



A„ = lTeV 
A„ = 10TeV 
A u = 100TeV 
A„ = 100()TeV 




FIG. 1: Regions above the curves represent the allowed values of log (<|^r) and d u from observations 
of Mercury orbit. 



LONG RANGE FORCE FROM VECTOR UNPARTICLES 

Now we consider long range forces resulting from the coupling of vector unparticles 2|, |4] 
to baryonic and leptonic currents. The effective coupling is of the form 

A 



A d u -i J p> ' 



(30) 



where is the baryonic or leptonic current. As in the tensor case, we assume that the 
unparticle operator O u and the fermion fields ^ obey a gauge symmetry 



* -> exp[za]\I> 



O 



\du—l 



(31) 



As a result of this U(l) gauge symmetry the vector unparticle remains massless below the 
scale A u . The gauge unparticle propagator is 



A"" = A du P^{-p 



2\d u -2 



(32) 
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where 

du ~ (2n) 2d - T (d u - 1) r (2d u ) ' 



and 



P^(p) = ^ - (34) 



As usual, we get the unparticle exchange potential by taking the Fourier transform of the 
propagator given in Eq (|32|) in the static limit. This gives 

i a 2 r (d u + 1) r (d u - \) n x n 2 



VJr) = 

2 ^a u A /a„-z L'(2d u ) r ^u-i 

= 2*7=1 > ( 35 ) 



r 

where 

= 2 ^ T(2d u ) U 2 ' (36) 

is a constant and iVi and N 2 are the total number of baryons (iVj = where M, is the 
mass of the sun or the planet and m n is the nucleon mass) in the Sun and the planet. Hence 
the total potential is 



V{r) = V N (r) + K(r) 
Gm\m<i 



C {d u ) \ 2 N X N 2 



(37) 



Gm\m,2 r 2du 2 

By following the same methodology as in the tensor case we find the perihelion shift to be 

59 = -2vrK - l)(2d„ - 1 f^ X2N ^ N2 1 (38) 

Gmim 2 a Mu 1 

Vector unparticle exchange would cause a retardation in the perihelion of mercury orbit ( 
59 < 0) due to the fact that the force is repulsive. At 1-a the discrepancy between theory 
and experiment is still positive (0.01 < 59 < 0.29) which means that the vector unparticle 
force can be ruled out at 1-a. At 2 — a the allowed range for a unparticle vector contribution 
is —0.13 < 59 < 0.43. The maximum value of this retardation allowed from observations 9] 
and the prediction of general relativity is 0.13 arcsec/century at 2-cr. This puts an upper 
bound on the vector unparticle couplings 

o M iwoj ^ C'WXNM 1 / century ^ ^ niQ 

2n(d u - l)(2d u - 1) — - — < 0.13 arcsec (39) 

Gniim2 a " \ 1 J 

per century, where T = 87.96 days is the orbital time period of Mercury as stated before. 
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FIG. 2: Region above the curve represents the allowed values of — log(A) and d u from observations 
of Mercury orbit. 

In Fig ([2]) we show — log (A) vs. d u plot taking 86 = 0.13 arcsec/century. We have 
taken the values of A u from 1 TeV to 1000 TeV. The areas above the curves represent the 
allowed values of A and d u at 2-cr experimental error for different A u after accounting for the 
contribution to perihilion shift from general relativity. 



CONCLUSIONS 



There are several bounds on unparticle couplings to standard model particles from collider 

lere are also bounds on 



experiments [lij] from the anomalous missing energy spectrurm 
such couplings from the cooling rates of supernova and stars jlO . 
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13) . If the conformal 



invariance of unparticles remains unbroken then these particles can give rise to extra long 
range forces (3], 4] which can be constrained from fifth force experiments 5]. In this paper 
we have considered unparticle gauge bosons of spin-1 and spin-2. The gauge symmetry 
ensures that the unparticles remain massless. The main characteristic feature of unparticle 
long range force which we apply in this paper is a deviation from the inverse square law 
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which leads to a perihelion shift in planetary orbits. The constraints from perihelion shift 
are more stringent than the constraints from the deviation from the inverse square law at 



a a. 



the scale of solar system distances [7|, 1ST - However at mi 
tests of deviations of Newton's Law as has been noted in 
vector and tensor unparticle couplings with that of [2I and 
perihelion precession are more stringent when d u < 1.4. 



imeter scales there are stringent 
. Compairing our bounds on 
we find our bounds based on 



[1] H. Georgi, Phys.Rev.Lett. 98:221601,2007, |arXiv:hep-ph7 0703260 ; Phys.Lett.B 650:275- 

278,2007, larXiv:0704.2457l [hep-ph]. 
[2] Yi Liao, Ji-Yuan Liu, arXiv: 0706 .12841 [hep-ph]. 
[3] H. Goldberg and P. Nath, arXiv:07 06.3898 [hep-ph]. 
[4] N.G. Deshpande, S.D.H Hsu and J. Jiang. arXiv:0708.2735 1 [hep-ph], 

[5] E. G. Adelberger, B. R. Heckel, S. Hoedl, C. D. Hoyle, D. J. Kapner and A. Upadhye, Phys. 
Rev. Lett. 98, 131104 (2007). 



[6] Sereno, M. and Jetzer, Ph., MNRAS 371, 626-632, 2006,; [astro- ph/0606197| 
[7] E. Fischbach and C. Talmadge, Nature, 356, 207 (1992). 

[8] C. Talmadge, J. P. Berthias, R. W. Hellings and E. M. Standish, Phys. Rev. Lett. 61, 1159 
(1988). 

[9] Anderson J.D., Campbell J.K., Jurgens R.F., Lau E.L.,. Newhall X X, Slade III M.A., Stan- 
dish Jr. E.M., Sixth Marcel Grossmann Meeting on General Relativity, Eds Sato,H and Naka- 
mura,T. 

[10] A. Freitas and D. Wvler. arXTv:0708.4339l [hep-ph]. 
[11] H. Davoudiasl. larXiv:0705.3636l [hep-ph]. 

[12] S. Hannestad, G. Raffelt and Y.Y.Y. Wong. larXiv:07Q8.1404l [hep-ph]. 
[13] PK. Das. la7Xiv:0708.2812l [hep-ph]. 

[14] Luis Anchordoqui, Haim Goldberg. rarXiv:0709.0678l [hep-ph]: 
Tae-il Hur, P. Ko, Xiao-Hong Wu, larXiv:0709.0629l [hep-ph]; 
Chuan-Hung Chen, Chao-Qiang Geng. larXiv:0709.0235l [hep-ph]: 
Ilia Gogoladze, Nobuchika Okada, Qaisar Shafl, arXiv:0708.4405 [hep-ph]; 
AT. Alan, N.K. Pak, arXiv:0708.3 802 [hep-ph]; 



10 



Debasish Maiumdar, larXiv:070873 485 [hep-ph]; 
Yi Liao, arXiv: 0708 .33271 [hep-ph]; 

Gautam Bhattacharyya, Debajyoti Choudhury, Dilip Kumar Ghosh, larXiv : 0708 .2835 [hep- 
ph]; 

Ken-ji Hamada, Azusa Minamizaki, Akio Sugamoto, arXiv:0708.2127 [hep-ph]; 
Ming-xing Luo, Wei Wu, Guo-huai Zhu. larXiv:0708.0671l [hep-ph]; 
Matthias Neubert, larXiv:0708.0036l [hep-ph]; 

Giacomo Cacciapaglia, Guido Marandella, John Terning, arXiv:0708.0005 [hep-ph]; 

Antonio Delgado, Jose R. Espinosa, Mariano Quiros, arXiv:0707.4309 [hep-ph]; 

R. Mohanta, A.K. Giri. larXiv:0707.3308l [hep-ph]; 

Thomas A. Ryttov, Francesco Sannino, arXiv:0707.3166 [hep-th]; 

N.G. Deshpande, Xiao-Gang He, Jing Jiang. larXiv:0707.2959l [hep-ph]; 

Yu Nakayama, larXiv:0707."245Tl [hep-ph]; 

Xue-Qian Li, Yong Liu, Zheng-Tao Wei. larXiv:0707.2285 [hep-ph]; 

Hao Zhang, Chong Sheng Li, Zhao Li, larXiv:0707.2l32l [hep-ph]; 

Debajyoti Choudhury, Dilip Kumar Ghosh. larXiv:0707.2074l [hep-ph]; 

J.J. van der Bij, S. Dilcher. la7Xiv:0707.1817 i [hep-ph]; 

Alexander Lenz, larXiv:0707.1535l [hep-ph]; 

N.V. Krasnikov, larXiv:0707.14l9l [hep-ph]; 

Chao-Shang Huang, Xiao-Hong Wu. larXiv:0707.1268 [hep-ph]; 

R. Mohanta, A.K. Giri. larXiv:0707.1234l [hep-ph]: 

Tatsuru Kikuchi, Nobuchika Okada. larXiv:0707.0893l [hep-ph]; 

Roman Zwicky, arXiv:0707.0677 [hep-ph]; 

Shao-Long Chen, Xiao-Gang He, Ho-Chin Tsai. larXiv:0707.0187l [hep-ph]: 
Kingman Cheung, Wai-Yee Keung, Tzu-Chiang Yuan, arXiv:0706.3155 [hep-ph]; 
Thomas G. Rizzo. [a7Xb7:0706.3025l [hep-ph]: 

Myron Bander, Jonathan L. Feng, Arvind Rajaraman, Yuri Shirman, arXiv:0706.2677 [hep- 
ph]; 

Chuan-Hung Chen, Chao-Qiang Geng, Phvs.Rev.D76:036007.2007. larXiv:0706.0850l [hep-ph]; 
Gui-Jun Ding, Mu-Lin Yan, larXiv:0706.0325l [hep-ph]; 
Shun Zhou, larXiv:0706.0302l [hep-ph]; 



11 



Prakash Mathews, V. Ravindran, arXiv:0705.4599 [hep-ph]; 

T.M. Aliev, A.S. Cornell, Naveen Gaur, JHEP 0707:072,2007, arXiv: 0705 .45421 [hep-ph]; 

Shao-Long Chen, Xiao-Gang He, larXiv:0705.3946l [hep-ph]; 

Debajyoti Choudhury, Dilip Kumar Ghosh, Mamta, arXiv:0705.3637 [hep-ph]; 

N. Greiner, arXiv:0705.3518 [hep-ph]; Patrick J. Fox, Arvind Rajaraman, Yuri Shirman, 

larXiv:Q705.3092 l [hep-ph]; 

M.A. Stephanov, Phys.Rev.D76:035008,2007, i arXiv:0705.3049l [hep-ph]; 
Cai-Dian Lu, Wei Wang, Yu-Ming Wang, arXiv: 0705. 2909 [hep-ph]; 
Murugeswaran Duraisamy, arXiv:0705.2622 [hep-ph]; 

Xue-Qian Li, Zheng-Tao Wei, Phvs.Lett.B651:380-383.2007. larXiv:0705.1821 [hep-ph]; 

T.M. Aliev, A.S. Cornell, Naveen Gaur. larXiv:0705.1326l [hep-ph]; 

Yi Liao, arXiv: 0705 .0837 [hep-ph]; 

Gui-Jun Ding, Mu-Lin Yan, larXiv:0705."0794l [hep-ph]; 

Chuan-Hung Chen, Chao-Qiang Geng. larXiv:070 5.0689 [hep-ph]; 

Mingxing Luo, Guohuai Zhu, arX iv:0704.3532 [hep-ph]; 

Kingman Cheung, Wai-Yee Keung, Tzu-Chiang Yuan, arXiv:0704.2588 [hep-ph]. 



12 



